Tuberculosis (TB) remains an immense public health problem in the Republic of Korea despite a more than fivefold decrease in the prevalence of the disease over the last 3 decades. The rise in drug-resistant TB has compounded the situation. We analyzed 208 clinical isolates of M. tuberculosis from the National Masan Tuberculosis Hospital by spoligotyping, IS6110 restriction fragment length polymorphism (RFLP), and 24locus-based mycobacterial interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) typing to assess the diversity and transmission dynamics of the tubercle bacilli in the Republic of Korea. The majority of the isolates (97.1%) belonged to the Beijing genotype. Cluster analysis by MIRU-VNTR yielded a low clustering rate of 22.3%, with most of the clusters comprising isolates with diverse drug resistance patterns. The discriminatory capacity of the typing methods was high for RFLP and MIRU-VNTR (allelic diversity [h] ‫؍‬ 0.99) but low for spoligotyping (h ‫؍‬ 0.31). Although analysis of 19 MIRU-VNTR loci was needed to achieve maximum discrimination, an informative set of 8 loci (960, 1955, 2163b, 2165, 2996, 3192, 4052, and 4348 ) (h ‫؍‬ 0.98) that was able to differentiate most of the closely related strains was identified. These findings suggest that 24-locus-based MIRU-VNTR typing is a likely suitable alternative to RFLP to differentiate clinical isolates in this setting, which is dominated by M. tuberculosis Beijing strains. Within the study limits, our results also suggest that the problem of drug-resistant TB in the Republic of Korea may be largely due to acquired resistance as opposed to transmission.
Tuberculosis (TB) is still a major public health problem in many parts of the world despite multiple efforts to combat it. In the Republic of Korea, the prevalence of TB has decreased substantially in the last 3 decades, from 668 per 100,000 population in 1965 to an estimated 123 per 100,000 population in 2006 (15, 45) , partly due to improved economic and living standards (33) . However, the advent of drug-resistant Mycobacterium tuberculosis isolates, including multidrug resistance (MDR), i.e., resistance to at least isoniazid (INH) and rifampin (RIF), and extensive drug resistance (XDR; resistance to at least INH, RIF, a fluoroquinolone, and an injectable drug) have exacerbated the problem. In contrast to the general decline in TB cases, there has been a steady increase in drug resistance, including MDR and XDR (45) .
DNA fingerprinting has contributed significantly to the understanding of the epidemiology and control of TB by providing information on transmission dynamics (19, 21, 38) , determining the importance of reactivation versus exogenous reinfection (10, 34) , investigating/confirming outbreaks (29) , and confirmation of laboratory cross contamination (2) . The most widely applied and current standard method for comparing the genetic relatedness of M. tuberculosis strains is IS6110based restriction fragment length polymorphism (RFLP) (41) . However, the method is labor intensive, slow, requires weeks for culturing the isolates necessary for the large amount of chromosomal DNA needed, and has inherent limitations in the interpretation of complex banding patterns. It is also less discriminatory among M. tuberculosis isolates with low numbers of elements (IS6110 copy number, Ͻ5) (5) .
In the last decade, several PCR-based methods have been developed to discriminate among strains, including spoligotyping and mycobacterial interspersed repetitive unit-variable number tandem repeat typing (MIRU-VNTR). These methods are considerably faster to perform and interpret, require small amounts of DNA, and can easily be digitalized and shared among laboratories. In addition, there is now a freely accessible web-based program for analyzing data generated by the above-mentioned methods (3) . Spoligotyping relies on analyzing the polymorphism of 43 unique DNA sequences comprising identical 36-bp fragments that are repeated in the direct repeat region of the mycobacterial genome (18) . MIRU-VNTR is based on analysis of tandemly repeated sequences of multiple loci that are amplified using primers flanking regions of each locus, followed by size determination of the resulting PCR products, which indicates the numbers of the targeted MIRU-VNTR copies. A set of loci has been standardized (34) and favorably evaluated (4, 23, 28, 39) for discriminating clinical isolates of M. tuberculosis. To date, studies of the application of DNA typing methods in differentiating clinical isolates of M. tuberculosis in the Republic of Korea are rare or old, and the usefulness of the recommended MIRU-VNTR loci has not been evaluated.
This study aimed at exploring the genetic diversity of M. tuberculosis isolates from Korean subjects while assessing the utility of 24-locus MIRU-VNTR in typing these clinical isolates. In addition, we sought to evaluate the clonal heterogeneity of the K family, a sublineage of the Beijing genotype, whose members are commonly isolated from TB patients in the Republic of Korea (21, 30) .
MATERIALS AND METHODS
Samples and study population. A total of 208 M. tuberculosis isolates from samples collected from new TB cases and retreatment cases of subjects who were enrolled in a prospective longitudinal cohort study (ClinicalTrials.gov identifier, NCT00341601) at the National Masan Tuberculosis Hospital (NMTH) in the Republic of Korea from May 2005 to December 2006 were included in this study. The majority of TB patients presenting at the NMTH are referred from other public and private health facilities countrywide, while some are self-referred.
The subjects were at least 20 years old; had clinical signs and symptoms suggestive of TB; and were sputum smear positive for acid-fast bacilli, HIV seronegative, and not pregnant. Demographic and epidemiologic data were collected after provision of informed consent. Clinical data were obtained from the subjects' medical records. This study was approved by the Institutional Review Boards of both the National Institute of Allergy and Infectious Diseases, National Institutes of Health (United States), and the NMTH (Republic of Korea). All subjects provided informed consent for the collection and study of their isolates.
Cultures. All sputum samples were digested and decontaminated using the N-acetyl-l-cysteine-sodium hydroxide method (20) and were examined for the presence of acid-fast bacilli using the Ziehl-Neelsen method. These isolates were cultured in an MB/BacT liquid culture system (bioMérieux) and on Ogawa slants (ShinYang Chemicals, Republic of Korea). The cultures were incubated at 37°C in ambient air for up to 8 weeks. Primary cultures were identified using classical methods (22) .
Drug susceptibility testing. Drug susceptibility testing (DST) was performed for all M. tuberculosis primary isolates as described elsewhere (7) , using the proportion method on Löwenstein-Jensen (L-J) medium with drugs at the following final concentrations: isoniazid (0.2 g/ml), rifampin (40 g/ml), ethambutol (2 g/ml), streptomycin (10 g/ml), ofloxacin (2 g/ml), kanamycin (40 g/ml), ethionamide (40 g/ml), cycloserine (30 g/ml), and p-aminosalicylic acid (1 g/ml). DST for pyrazinamide was determined by using the pyrazinamidase assay (44) .
DNA extraction. Chromosomal DNA was extracted by boiling a suspension of mycobacteria scraped from L-J slants in 400 l of 10 mM Tris-HCl and 1 mM EDTA (pH 8.0) buffer for 10 min or purified by the standardized method (42) .
DNA fingerprinting. Spoligotyping was performed as previously described (18) . Spoligotype families were assigned as described elsewhere (12) , as were MIRU-VNTR patterns, according to the MIRU-VNTRplus database (3). Standardized RFLP fingerprinting was performed according to the method of van Embden and colleagues (41) , and standardized 24-locus MIRU-VNTR typing was done as described by Supply et al. (37) .
Analysis of genotyping data. BioNumerics software version 4.6 from Applied Maths, St. Marten-Latem, Belgium, and MIRU-VNTRplus were used to analyze genotyping data. Dendrograms were generated by using the unweighted pair group method with arithmetic averages and the Dice or the categorical coefficient. For each genotyping method, a cluster was defined as two or more patterns with identical DNA fingerprints. The allelic diversity (h) at a given MIRU-VNTR locus was calculated as h ϭ [n/(n Ϫ 1)] ϫ 1 Ϫ ⌺ x i 2 , where x i is the frequency of the ith allele at the locus and n is the number of isolates. The clustering rate was defined as (n c Ϫ c)/n, where n c is the total number of clustered cases, c is the number of clusters, and n is the total number of cases in the sample.
Quality control. To prevent cross contamination during decontamination, the culturing of samples, DNA extraction, and sample preparation for PCR and DNA fingerprinting were performed in laminar flow cabinets. To assess the reproducibility of the MIRU-VNTR analysis, each 96-well plate contained 4 blindly coded and 4 uncoded duplicate samples. The H37Rv M. tuberculosis strain (spoligotyping and MIRU-VNTR) and water were used in each experiment as positive and negative controls, respectively. M. tuberculosis strain mt14323 was included as an external reference for RFLP, and the expected pattern was consistently obtained. We did not detect any reagent contamination, as all of the negative controls remained negative on amplification (spoligotyping and MIRU-VNTR) and the correct number of MIRU-VNTR repeats and no double alleles at any locus were detected from the positive controls. In addition, all duplicate and coded samples were correctly identified by a complete match of the 24-locus genotypes.
RESULTS

Description of isolates.
A total of 208 M. tuberculosis complex isolates from 181 male and 27 female TB subjects with a median age of 43 (range 21 to 90 yrs) were included in the study. Seventy-eight of the subjects were new cases, while the remaining 130 subjects were retreatment cases. Complete DST results for the isolates used herein and some demographic data on the subjects were included in a previous report (17) . Briefly, isolates from 62 (29.8%) subjects were pansusceptible, 29 (13.9%) monoresistant, 34 (16.3%) polyresistant (non-MDR), 63 (30.3%) MDR, and 20 (9.6%) XDR. All 208 isolates were genotyped by spoligotyping and by 24-locus MIRU-VNTR, while a subset of 154 of the 208 isolates with sufficient DNA was additionally subjected to RFLP typing. M. tuberculosis isolates in this subset were also used in cluster analysis to compare the ability of the three methods to differentiate among isolates.
Spoligotyping. A total of four spoligotypes were obtained, including 202 (97.1%) members of the Beijing genotype, 4 (1.9%) of the Uganda genotype, and 1 (0.5%) each that belonged to the Cameroon and Ural genotypes, respectively. Among the 202 Beijing genotype strains, the classical Beijing genotype spoligotype pattern, consisting of the absence of the first 34 spacer oligonucleotides and the presence of spacers 35 to 43, was observed among 164 isolates. The remaining 38 Beijing-like strains lacked one or more spacers that are present in the classical Beijing spoligotype pattern.
MIRU-VNTR. The full set of results for all 24 loci was obtained for 198 of 208 isolates. For 10 of the isolates, no PCR amplicon was obtained at one or more loci. An occasional lack of PCR amplification of some loci has been reported in previous studies (16, 24, 37) . This might be explained by chromosomal deletion, nucleotide polymorphisms in the sequences complementary to PCR primers (1), or insufficient DNA quality or amount (especially suggested by amplification failure in multiple, independent PCRs and loci). Four isolates had double alleles at one locus, suggestive of the presence of clonal variants in the sample, while two isolates were identified as a mixture of two independent strains as defined by the presence of double alleles at two or more loci (35, 37) . The cases with no or double alleles at only one locus were treated as missing data at the respective loci, whereas the mixed infection cases were excluded from cluster analysis. These observations remained the same even after repeated testing with freshly prepared materials.
Altogether, MIRU-VNTR cluster analysis grouped 71 (34.5%) isolates in 25 clusters of 2 to 8 representatives, resulting in a low clustering rate of 22.3%. The largest cluster con-tained 8 isolates; other clusters were composed of between 2 and 5 strains, whereas the remaining 135 strains had unique genotypes. Sixty percent (12/20) of the XDR and 34.9% (22/ 63) of the MDR strains were in MIRU-VNTR clusters. Among these, one cluster contained 3 XDR strains exclusively and 3 other clusters were composed of 2 MDR strains each. Data were not available to assess possible epidemiologic links between/among the subjects in the above clusters prior to hospital admission. However, two subjects in one cluster shared the same hospital room and at least two subjects each in three other clusters shared rooms. There were also 13 (21.0%) pansusceptible strains in 5 clusters, in many cases being found together with drug-resistant isolates (data not shown). We did not have sufficient data to determine whether most of the MDR and XDR cases were retreatment cases or not.
Determination of minimal set of MIRU-VNTR loci. In order to identify the most variable MIRU-VNTR loci among the isolates in our study, an allelic diversity index was calculated for each locus from the 162 distinct profiles obtained ( Table 1) . Because of the close genetic relationships of most isolates (almost all belonging to the Beijing genotype), we performed redundancy analysis by looking at single-locus variants (SLVs) ( Fig. 1) for an in-depth determination of the minimal set of loci necessary for maximal discrimination. Eight loci (960, 1955, 2163b, 2165, 2996, 3192, 4052, and 4348) involved in 3 to 10 SLVs were able to differentiate most of the isolates in our sample. Stepwise addition of an auxiliary set of four loci with 2 SLVs and 7 loci with one SLV provided marginal improvement. No SLVs were observed for only five loci (loci 577, 2347, 2461, 2561, and 2687).
Comparison and congruence of RFLP and MIRU-VNTR data. All the isolates included in the analysis had a high IS6110 copy number, varying between 8 and 18 elements, and dis-played typical Beijing banding patterns. When an IS6110-RFLP-based dendrogram was generated, three large and a few smaller groups were observed. A careful examination of the banding patterns revealed that isolates in two of the three large groups closely resembled the K family, a sublineage of the Beijing genotype which is commonly isolated from TB patients in the Republic of Korea (21, 30) . The third large group had banding patterns typical of Beijing genotype isolates from China (43) .
Interestingly, this grouping based on IS6110-RFLP analysis was congruent with the grouping obtained using a minimum spanning tree based on MIRU-VNTR data (Fig. 2 ). This congruence demonstrates the consistency of the broad phylogenetic groupings of the M. tuberculosis isolates in our sample using either genotyping method and thus relevantly defines the clonal populations within the K family. Isolates belonging to one branch of the K family are predominant in the city of Masan, in contrast to the other branch, which has been isolated from many parts of the country (S. N. Cho, T. S. Song, and H. Y. Lee, unpublished data). The former branch has therefore been designated Beijing-Masan and the latter the Beijing-Korea branch, respectively. Based on this classification, 138 out of the 154 isolates were classified into one of the three broad groups. Among these, 41.3% (57/138) of the isolates belonged to the Beijing-China branch and 32.6% (45/138) to the Beijing-Korea branch, while 26.1% (36/138) of the isolates were designated the Beijing-Masan branch. We did not observe a differential distribution of resistant (non-MDR), MDR, or XDR strains among the 3 branches.
Within technical limits inherent to analysis of complex banding patterns such as are typical of Beijing strains, RFLP grouped 41 isolates into 16 clusters with 113 unique patterns, resulting in a strain-clustering rate of 16.2%. Seven of these (Fig. 3) . The MIRU-VNTR patterns of four isolates within different RFLP clusters differed at only one locus (corresponding to the SLVs), while in 9 other cases, the isolates within RFLP clusters differed by 2 to 7 loci. Spoligotyping independently confirmed the splitting of 2 of the RFLP clusters by two or more MIRU-VNTR loci in two instances (clusters 8 and 10). Conversely, 5 of the 18 MIRU-VNTR clusters were also identical by RFLP clustering (clusters 6, 9 to 11, and 18). One cluster had identical RFLP and MIRU-VNTR patterns, but one of the two isolates lacked one spacer (spacer 40) in spoligotyping (cluster 3). Twelve MIRU-VNTR clusters were partially or totally split by RFLP. However, 11 of these clusters were split by minor differences of between one and three IS6110 bands. Only in cluster 16 did one isolate have four extra IS6110 bands in comparison to a common profile shared by four other isolates. Not surprisingly, the combination of MIRU-VNTR, RFLP, and spoligotyping techniques provided the highest apparent discriminatory power and grouped 19 isolates in 8 clusters (Fig. 4) .
The discriminatory capacity of the different methods used alone or in combination was high (Ͼ0.98) in all cases except when spoligotyping was considered alone (h ϭ 0.31) ( Table 2 ).
The resolution of MIRU-VNTR alone was only slightly less than that of RFLP (18.2% versus 16.2%, respectively) but was identical when used in conjunction with spoligotyping.
DISCUSSION
Our results demonstrate that this Korean collection of M. tuberculosis isolates is very homogeneous, as only four spoligotype families were obtained for the 208 isolates, with nearly all (97%) the isolates belonging to the single Beijing family. The predominance of the Beijing family in East Asia is well documented (26) . The proportions of Beijing family isolates in previous reports have ranged from 18.5% to 72% (21, 30) , with a previous maximum of up to 81.9% reported in China (13) . Thus, to date, this study from the Republic of Korea represents the most extreme proportion of Beijing family isolates to be reported. This could be explained partly by the fact that these isolates were obtained from hospitalized subjects in a referral setting, compared to the more general population-based samples used in other studies (30) . The high proportion of isolates belonging to the Beijing family reported herein coupled with the fact that at least 39% of the samples analyzed were either MDR (30.3%) or XDR (9.6%) confirms previous reports suggesting an association between the Beijing family and drug resistance (11, 25) . These findings suggest that our study subjects could have been selectively infected with M. tuberculosis strains that are more prone to the establishment of chronic infections and are more difficult to treat. Although the samples analyzed were not necessarily representative of the bulk of the extant strains in Korea, the low clustering rate (22% by MIRU-VNTR typing) and high level of drug resistance of these strains suggest that the problem of drug-resistant TB in Korea may be largely due to acquisition of drug resistance rather than transmission. This low strain clustering rate is most probably a maximum value, at least for this study population sample. Both MIRU-VNTR and RFLP showed a high diversity index (h ϭ 0.99), cluster number concordance (18 versus 16, respectively), and concordance in unique genotype number (113 versus 108) in our sample. About half of the RFLP clusters in our study were split by MIRU-VNTR by 1 to 7 loci. Taking into account the high degree of clonal stability of these MIRU-VNTR loci and evidence available from well-defined epidemiologic studies (28, 32, 37, 40) , differences of two or more loci and even, to a lesser extent, of a single locus remain strongly predictive of absence of a direct transmission link (i.e., of infection by independent strains). Although sufficient information was not available to investigate epidemiologic links among isolates within these RFLP clusters, the observed splitting may therefore represent epidemiologically meaningful differences of strains with identical RFLP fingerprints that share only remote common clonal ancestors.
Although data were not available to systematically assess possible epidemiologic links among the patients in the MIRU-VNTR clusters prior to their admission to the hospital, two patients in one of these clusters shared the same hospital room and at least two patients in each of three other clusters shared rooms. Moreover, all but one of the differences observed in the MIRU-VNTR clusters that were split by RFLP were limited to 1 to 3 IS6110 bands, which may represent microevolutionary changes within the same strain transmission chain (6, 8, 9, 27, 36) . These data suggest a high likelihood of nosocomial transmission of strains among in-patients in this hospital.
Generally, more than three RFLP band differences between patterns has been considered sufficient to unambiguously define different strains (36) . However, even after standardization, evaluation of slight RFLP changes is sometimes subject to error, especially among the complex banding patterns observed in Beijing strains. This difficulty may be overlooked in comparisons of discriminatory power with that of other genotyping methods. Nonetheless, in apparent contrast to the results of other studies (14, 16) , our observations suggest that 24-locusbased MIRU-VNTR typing can compare favorably with RFLP for study of TB transmission, even in a setting largely dominated by M. tuberculosis Beijing strains. The 24-locus MIRU-VNTR typing was able to broadly classify the K family of the Beijing genotype into Beijing-Korea and Beijing-Masan lineages that were in agreement with the RFLP analysis, although specific allelic signatures that could unambiguously discriminate these two subgroups within the K family were not detected in individual loci. Moreover, this study successfully defined a reduced set of loci (960, 1955, 2163b, 2165, 2996, 3192, 4052 , and 4348) with a discriminatory power close to those of both RFLP and 24-locus MIRU-VNTR (allelic diversity, 0.98 versus 0.99), which could be reliably used to discriminate most isolates in our sample. We believe that this reduced MIRU-VNTR locus set can be used to discriminate isolates from our study setting and, probably, from the whole Republic of Korea and will therefore facilitate additional epidemiological investigations involving larger numbers of samples. Three of these loci (960, 2996, and 3192) were also shown to be moderately to highly discriminatory (h Ͼ 0.6) in a recent study that analyzed a predominantly non-Beijing sample in which three other loci (1644, 3007, and 802) that we found to have low discrimination were reported to have moderate discriminatory power (h Ͼ 0.5) (46) .
The low rate of mixed infection observed in this study is comparable to the findings of previous reports (31, 36) , albeit from other settings, and may be because most of the subjects studied were retreatment cases where a single dominant strain would have established the infection. Korea has a relatively low TB incidence rate that makes superinfection less likely than in other settings.
In summary, this study has determined that MIRU-VNTR typing is a useful alternative to RFLP typing of M. tuberculosis isolates, and we have identified a reduced set of MIRU-VNTR loci that can be applied for reliable strain differentiation. Our results also suggest that the bulk of drug-resistant TB in Korea could be due to acquired drug resistance as opposed to transmission of drug-resistant strains but that occasional transmission of MDR and XDR strains may occur, particularly in the tertiary hospital setting.
